Background and aims: Retreatment with a combination of α interferon (IFN) plus ribavirin of patients with chronic hepatitis C who did not respond to IFN monotherapy has not been assessed in large controlled studies. Methods: To assess the effectiveness and tolerability of IFN/ribavirin retreatment of non-responders to IFN and to identify predictors of complete (biochemical and virological) sustained response, we performed a meta-analysis of individual data on 581 patients from 10 centres. Retreatment with various IFN schedules (mean total dose 544 mega units) and a fixed ribavirin dose (1000-1200 mg/daily depending on body weight) was given for 24-60 (mean 39.5) weeks. Results: Biochemical end of treatment and sustained responses were observed in 271/581 (46.6%; 95% confidence interval (CI) 42.6-50.7%) and in 109/581 (18.7%; 95% CI 15.6-22.0%) cases, respectively. Two hundred and six of 532 patients (38.7%; 95% CI 34.6-42.9%) had an end of treatment complete response to retreatment while a complete sustained response occurred in 88 of 559 (15.7%; 95% CI 12.8-18.8%). Fifty four of 581 patients (9.2%; 95% CI 7.0-11.7%) stopped retreatment due to adverse effects. By logistic regression, complete sustained response was predicted independently by age <45 years (p=0.04), by normal pretreatment γ-glutamyltransferase levels (p=0.01), and by a second course total IFN dose of at least 432 mega units (p=0.008).
S
ince the early 1990s, at least 80% of patients with chronic hepatitis C, treated with standard α interferon (IFN) monotherapy (3 mega units (MU) thrice weekly for 24 weeks), have not responded to this therapy. 1 A large cohort of IFN monotherapy non-responders (that is, subjects who did not reach an end of treatment response) still exists within the pool of subjects with chronic hepatitis C. Furthermore, the natural history of the disease seems to be worse in these patients than in responders to IFN. 2 In fact, there is a higher rate of end stage liver disease development as well as hepatocellular carcinoma in non-responders. Therefore, an effective regimen of retreatment is a major goal in their long term management.
In 1998, four large international multicentre randomised controlled trials (RCTs) showed that IFN and ribavirin combination therapy was significantly more effective than IFN alone both in untreated and in relapsed patients. [3] [4] [5] [6] However, the effectiveness of combination therapy for non-responders to IFN monotherapy is less clear. In 1999, the European Association for the Study of the Liver (EASL) Consensus Statement did not recommend IFN and ribavirin combination therapy, or any other treatment, for subjects with chronic hepatitis C who had previously not responded to IFN monotherapy. 7 Two recent meta-analyses of nine and 12 RCTs, 8 9 comparing combination therapy to retreatment with IFN monotherapy in non-responders, concluded that IFN and ribavirin are more effective than IFN alone, although the overall benefit was small with only a 7% of pooled risk difference for sustained virological response and with a pooled withdrawal rate due to intolerance of treatment of 9% for the combination. 9 This benefit is of questionable clinical relevance, making it unfeasible to indiscriminately retreat all non-responders with such a low likelihood of response. Important questions still remain unanswered. Is combination retreatment for non-responders cost effective? Are there differences in the effectiveness of IFN retreatment between cirrhotic and non-cirrhotic patients, between different HCV genotypes, and between different second course regimens? Due to the use of summary data, both previous meta-analyses failed to identify the most responsive subgroups. The aims of this meta-analysis of individual patient data (MIPD) were: (1) to critically reassess the efficacy and tolerability of IFN and ribavirin retreatment in obtaining a sustained response in non-responders, (2) to identify the best retreatment schedule to be used, and finally (3) to identify possible predictors of a complete (biochemical and virological) sustained response to retreatment.
MATERIALS AND METHODS
This multicentre study was planned to pool patient data from a large number of individuals from European tertiary referral 
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liver units in an attempt to define the efficacy and tolerability of IFN and ribavirin retreatment in non-responders. Potential participating centres were identified by screening MEDLINE (January 1998-December 2000), including only English articles, with the following medical subject headings: hepatitis C, IFN, and ribavirin. The computer search was supplemented with manual searches of reference lists for all available review articles, primary studies, abstracts from meetings, and bibliographies of books. To avoid publication bias, both published and unpublished studies were included. Therefore, all trialists who took part in the meta-analysis were asked to help in identifying studies. Studies were included in the meta-analysis if they were randomised or non-randomised controlled trials or prospective cohort studies fulfilling the following criteria: (1) included non-responders, defined according to the EASL International Consensus Conference on Hepatitis C, 7 who had received a first course of IFN at a dose of at least 3 MU thrice weekly for 12 weeks (partial responders, breakthrough patients, and relapsers were excluded); (2) started retreatment within 24 months after the end of the first course; (3) retreated all patients between January 1996 and January 2000; and (4) used a retreatment IFN dose of at least 9 MU/week and a ribavirin dose of at least 800 mg/day. Nine centres in Italy and one centre in Spain, all with reported experience in this field, met the inclusion criteria and agreed to make data available. Among the included studies, three were RCTs, 10 14 16 one was a non-RCT, 17 and six were prospective cohort studies. 11-13 15 Five studies, which accounted for 312 patients (54%), were reported as full papers [10] [11] [12] [13] [14] while three of the studies, which accounted for 189 patients (32%), were abstracts. [15] [16] [17] Data from the remaining two cohort studies, which included 80 patients (14%), are still unpublished.
After checking for inconsistencies and possible duplications, the final study database consisted of 581 consecutive non-responders who met the following criteria for inclusion before the first treatment: over 18 years of age; alanine transaminase (ALT) level greater than 1.5 times the upper normal limit for at least six months before entry; anti-HCV positivity by Enzyme Immune Assay, and HCV-RNA positivity by any method before entry; histological features of chronic hepatitis (with or without cirrhosis); serum hepatitis B surface antigen negative; human immunodeficiency virus antibody negative; antinuclear antibody negative; self reported complete abstinence from alcohol; and no more than one course of IFN monotherapy.
Virology HCV antibodies were tested on pretreatment samples by second or third generation Enzyme Immune Assay (Ortho Diagnostics, Raritan, New Jersey, USA). HCV-RNA was detected in serum either by b-DNA version 2.0 (assay detection limit 160 000 genomes/ml) or by polymerase chain reactions performed using onsite materials or those obtained commercially (Amplicor; Roche, Basel, Switzerland; detection limit 1×10 3 genomes/ml). Results were expressed qualitatively. Quantification was performed by b-DNA version 2.0 in 409 cases (70.3%). Genotyping was performed by reverse hybridisation line probe assay. 18 
Definition of response
Responses to the first treatment with IFN and to retreatment with IFN/ribavirin were defined as ALT normalisation (biochemical response), HCV-RNA negative (virological response), or both (complete response), and on the basis of the timing of the results as either an end of treatment response (ETR) or a sustained response (SR), as defined by the EASL Consensus Conference on Hepatitis C. 19 ALT levels were measured monthly during the treatment period and posttreatment follow up. Evaluation of therapeutic efficacy was performed by an "intention to treat" strategy.
Statistical analysis
Univariate data comparisons among groups were performed using χ 2 tests for proportions and Student's t tests for means. On the basis of experience gathered from naive patients and from preliminary evidence on retreated patients, 20 we selected as candidate predictors of biochemical and virological SR, age, sex, platelet counts, ALT and γ-glutamyltransferase levels, baseline liver histology, HCV genotype, HCV-RNA levels before retreatment, and amount of IFN received during the first and second cycles. All analyses used a two sided p=0.05 significance level and were conducted with the PROC LOGIS-TIC subroutine in SAS (SAS Institute, Inc., Cary, North Carolina, USA). 21 Variables significant on multivariate analysis were used to generate a prediction rule. For each case a score was calculated and a probability of response assigned giving the set of values for the variables. The main statistical methods for the logit function and logistic regression have been described elsewhere. 22 From the scoring of all predictors significant at multivariate analysis, a simple incremental rule (from 1 to 8) was established to evaluate each individual patient in the test and training sets. The β coefficient of this score was then tested for significance in the test set.
The sensitivity and specificity of each rule to the response status were estimated by means of a receiver operating characteristic (ROC) curve, determined by the Hanley and McNeil method. 23 Each curve shows the capacity of the related model to discriminate between those who respond and those who fail to respond to IFN at different cut off values. The larger the area under the curve (AUC), the better the discriminating ability of each rule (range 0.5 (chance performance) to 1.0 (perfect prediction)).
We performed a cross validation study by dividing the data randomly into two portions, one for model development (training set) and the other for model validation (test set). The discriminatory ability of the models was assessed in the training and test sets by plotting ROC curves and comparing AUC values. 24 
RESULTS

Patient characteristics
Baseline characteristics of the 581 patients included are shown in table 1. The proportion of cases with cirrhosis (11%) was relatively low. A total of 383 (65.9%) patients had received a standard first IFN course (3 MU thrice weekly for 24 weeks): 22.3% were treated with a total IFN dose of 234-468 MU while in 68 patients (11.7%) a total dose higher than 468 MU had been given.
The retreatment regimens of the studies are shown in table 1. Large variability in retreatment schedules between centres was found for the total dose of IFN (234-936 MU), duration of retreatment (24-52 weeks), and the single dose of IFN (3 and 6 MU). Ribavirin was administered orally twice a day at a total daily dose of 1000 mg for patients weighing 75 kg or less and at 1200 mg for those >75 kg.
Outcome
ALT levels, as shown in table 2, were normal by the end of treatment in 271 of 581 subjects (46.6%; 95% confidence interval (CI) 42.6-50.7%). A complete ETR occurred in 206 of 532 patients (38.7%; 95% CI 34.6-42.9%) in whom HCV-RNA was tested. It is noteworthy that the best rates of complete ETR were achieved in patients retreated with a high dose IFN course (48.3%, 95% CI 44.2-52.3%) and in those who did not have HCV genotype 1 (49.5%, 95% CI 45.4-53.5%).
One hundred and nine of 581 patients had a biochemical SR to retreatment (18.7%; 95% CI 15.6-22.0%). A complete SR was achieved in 88 of 559 patients (15.7%; 95% CI 12.8-18.8%) in whom serum HCV-RNA was tested six months after the end of retreatment. We failed to demonstrate any significant difference in the probability of complete SR between different HCV genotypes, between different baseline liver histologies, and between different pre-retreatment HCV-RNA levels (table 2). A complete SR (table 3) was achieved in 47 of 205 subjects (22.9%; 95% CI 17.4-28.9%) retreated with a high dose IFN combination regimen. In contrast, low rates of complete SR were obtained in patients receiving standard retreatment regimens, both when previously treated with a standard (9.6%) or high dose (0%) first IFN course. We did not find any significant difference in the probability of biochemical (p=0.93) or complete SR (p=0.69) according to the type of IFN (recombinant or leucocytic) administered in the second course.
Safety
Retreatment with IFN and ribavirin was not universally tolerated. Side effects leading to withdrawal from both IFN and ribavirin retreatment occurred in 54 of 581 patients (9.2%; 95% CI 7.0-11.7%). Mean time of treatment discontinuation was 11.9 (8.7) weeks. No life threatening events were observed during treatment.
Mean decrease in haemoglobin from baseline was 2.6 (1.78) g/dl. In 48 of 581 subjects (8.2%) dyspnoea, probably triggered by low haemoglobinaemia, was reported. Anaemia was managed by reducing ribavirin to 600 mg/day in 78 of 581 patients (13.4%; 95% CI 10.7-16.2%) or by its discontinuation in 27 of 581 subjects (4.6%; 95% CI 3.0-6.4%). Haemoglobin levels returned to baseline within eight weeks after the end of treatment, and no patient required transfusions. The following additional adverse events were also observed: pruritus, rash, nausea, depression, insomnia, anorexia, and weight loss.
Variables associated with complete sustained response Univariate and multivariate analyses were performed to identify predictors of complete SR after retreatment. Univariate comparison of variables between complete SR and all other patients is reported in table 3. Young age, normal pretreatment γ-glutamyltransferase levels, and retreatment with a total IFN dose >432 MU were significantly associated with a complete SR to retreatment. Absence of cirrhosis at baseline liver biopsy was of marginal significance (p=0.061). An increased dose strategy (that is, a medium/high total IFN dose for retreatment of patients who had received a standard IFN dose during the first course) was used in 319 of 581 subjects (54.9%; 95% CI 50.9-59.0%). This strategy did not significantly increase the rate of success: the proportion of complete SR was 55/319 (17.2%; 95% CI 13.2-21.5%) in subjects in whom the dose was increased and 33/240 (13.7%; 95% CI 9.5-18.3%) in patients who received the same dose of IFN (p=0.26).
We performed a subgroup analysis in patient retreated with a total IFN dose >432 MU to evaluate whether there was a different rate of complete SR according to duration of treatment. As shown in table 3, a complete SR was achieved in 74 of 396 subjects (18.6%, 95% CI 14.9-22.6%) retreated with a high dose regimen. Among them, the likelihood of a complete SR was significantly lower when the high dose was delivered over a period of <26 weeks (7/73 (9.5%); 95% CI 3.5-19.5%) versus over a period of >26 weeks (67/323 (20.7%); 95% CI 16.4-25.3%) (p=0.027).
Multivariate analysis (table 4) showed that, in decreasing order of significance, the following were independent predictors of complete SR: retreatment with a total IFN dose >432 MU (odds ratio (OR) 2.25), normal pretreatment γ-glutamyltransferase levels (OR 0.54), and age <45 years (OR 0.62). These variables were then used to construct a model encompassing all patients grouped into classes of risk according to the presence of one, two, or three of these factors ( fig  1A) . As expected, the likelihood of complete SR gradually decreased from the "best" to the "worst" class. Only three of 55 patients (5.4%) in the worst class (age >45 years, elevated pretreatment γ-glutamyltransferase levels, and retreatment with a total IFN dose <432 MU) had a complete SR. At the other extreme, a subject in the best class (age <45 years, normal pretreatment γ-glutamyltransferase levels, and retreatment with a total IFN dose >432 MU) had a likelihood of a complete SR of 30.5% (36 of 118 actual cases). 
Cross validation
To assess the validity of the model, we randomly derived a test set of 290 patients from the entire data set. Figure 1B shows the ROC curves for the rules predicting a complete SR in the training set (281 patients: AUC 0.69, SEM 0.046) and in the test set (278 patients: AUC 0.67, SEM 0.048). Areas were not statistically different (z 0.19; two sided p value 0.84). As an example, at the cut off value of 4 (age <45 years, elevated pretreatment γ-glutamyltransferase levels, and retreatment with a total IFN dose <432 MU) the model correctly identified 79% of complete SR patients at a cost of inappropriately predicting 53% of non-SR patients.
DISCUSSION
This MIPD, combining data from 10 centres that in total retreated almost 600 non-responders to IFN monotherapy, shows that retreatment with a combination of IFN and ribavirin achieves a complete SR in 15% of cases at a cost of a 10% withdrawal due to drug intolerance. The reported value for efficacy is in keeping with the results of two recently published conventional meta-analyses, 8 9 and does not lend support to indiscriminate retreatment of IFN non-responders. Due to its low overall efficacy and tolerability, as well as the ensuing poor cost effectiveness, the decision to retreat non-responders with IFN and ribavirin still remains difficult. 25 The key issue is identification of patients with a higher likelihood of responding to retreatment with the combination therapy. Although the response to treatment was less than 20%, even in the most responsive subgroups, both previously published meta-analyses 8 9 failed in identifying any differences in baseline patient characteristics significantly associated with a complete SR.
Drawing firm conclusions based on the results of the two previously reported meta-analyses is hampered by the considerable heterogeneity in the trials included in these two conventional meta-analyses performed on aggregated data. These summary results describe only between study, and not between patient, variation because they reflect group averages rather than individual data. The pooled estimate does not adequately describe the findings of a meta-analysis when the observed effects in individual studies differ substantially. 26 Therefore, when a significant heterogeneity in baseline risk is found, more detailed treatment comparisons can be achieved only by a MIPD. 27 Our analysis showed that age <45 years, normal preretreatment γ-glutamyltransferase level, and a second IFN course dose >432 MU independently predicted a complete SR. In the subgroup of patients with these most favourable predictors, the probability of a complete SR was approximately 30% and the number of patients needed to be retreated (NNT) to obtain one complete SR was 3.3, while coexistence of the most unfavourable predictors raised the NNT to 15.8. Modelling the indication for retreatment of non-responders with combination therapy on these predictors would maximize its cost effectiveness. An internal cross validation assessment of the reliability of this multivariate model substantiates this statement. Although Cheng and colleagues 8 suggested that the benefit of combination therapy may be higher (14.7% virological SR) in patients infected with HCV genotypes other than 1, we could not confirm significant improvement in complete SR according to genotype. The two other predictors of unresponsiveness to retreatment-that is, more advanced age and raised γ-glutamyltransferase levels-are well known predictors of insensitivity to IFN therapy. 20 28 29 Thus it is not surprising to find that they are strong predictors of unresponsivess to IFN and ribavirin in a group of patients in whom other factors such as cirrhosis, genotype, and viral load have been eliminated by a priori selection for unresponsiveness to the previous IFN course.
Many studies have tried to identify the ideal dose of combination therapy that would maximise the cost effectiveness of retreatment in the individual patient. As the results of published studies are inconclusive or conflicting, the last Consensus Development Conference on Hepatitis C did not recommend any regimen of retreatment for non-responders. A recent large multicentre RCT 30 has shown that retreatment with a regimen of 5 MU three times weekly for 12 months produced a significantly better virological SR than low dose short duration therapy (3 MU thrice weekly for six months). In contrast, Di Bisceglie et al failed to demonstrate a significant difference in the response rate between 24 and 48 weeks of IFN and ribavirin retreatment. 31 Our MIPD provides evidence that retreatment with a high dose (at least 432 MU) long course (>26 weeks) of IFN is the best option for a complete SR. We did not confirm the observation of Cummings and colleagues, 9 suggesting a difference in the likelihood of complete SR between recombinant and human leucocytic IFN. However, the number of patients treated with leucocytic IFN in our meta-analysis was small, and minor differences could have been lost. Figure 1 Complete sustained response rate according to specific patterns of predictors (A) and receiver operating characteristics curves (B) for the rule predicting complete sustained response in the training set (broken line) and in the test set (solid line). The diagonal line indicates no discriminating power (training set: area under the curve (AUC) 0.69, SEM 0.046; test set: AUC 0.67; SEM 0.048). In (A) and (B), numbers in parentheses indicates the following pattern of predictors: 1=age >45 years, elevated pretreatment γ-glutamyltransferase levels, and second interferon (IFN) course total dose <432 mega units (MU); 2=age >45 years, normal pretreatment γ-glutamyltransferase levels, and second IFN course total dose <432 MU; 3=age >45 years, elevated pretreatment γ-glutamyltransferase levels, and second IFN course total dose >432 MU; 4=age <45 years, elevated pretreatment γ-glutamyltransferase levels, and second IFN course total dose <432 MU; 5=age <45 years, normal pretreatment γ-glutamyltransferase levels, and second IFN course total dose <432 MU; 6=age <45 years, elevated pretreatment γ-glutamyltransferase levels, and second IFN course total dose >432 MU; 7=age >45 years, normal pretreatment γ-glutamyltransferase levels, and second IFN course total IFN dose >432 MU; 8=age <45 years, normal pretreatment γ-glutamyltransferase levels, and second IFN course total dose >432 MU. 
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